Introduction
Several lines of evidence support the roles of inflammation and infection in prostate cancer development and progression [1] . Chronic inflammation, frequently observed in prostate tumor specimens, can lead to epithelial cell damage and may create a tissue microenvironment favorable for tumor growth and progression [2, 3] . There are many potential sources of intraprostatic inflammation, including exposure to certain infectious agents [2] . Common genetic variants involved in pathways related to the host innate immune response could potentially influence prostate cancer risk and progression.
The family of toll-like receptors plays an important role in the innate immune response, particularly in inflammatory responses against exogenous pathogens such as bacteria, virus, fungi and parasites. The toll-like receptor 4 (TLR4) is known to be expressed in the prostate and is a cell surface receptor that recognizes LPS (endotoxin) on gram-negative bacteria, as well as other ligands. Stimulation of TLR4 results in NF-kappaB activation, proinflammatory cytokine production, and interferon expression creating an anti-apoptotic and pro-growth microenvironment in the prostate epithelium [4] [5] [6] [7] . This experimental evidence has prompted investigation into whether genetic variants in the TLR4 could influence prostate cancer risk through the action of the receptor in response to infection or resulting inflammation [4] .
Several case-control studies have investigated TLR4 genetic variation and prostate cancer incidence [8] [9] [10] . Table I shows single nucleotide polymorphisms (SNPs) that were significantly associated with prostate cancer risk in at least one study. The Cancer Prostate in Sweden study (CaPS) found a positive association between overall prostate cancer incidence and one SNP (rs11536889) [9] . Conversely, the Health Professionals Follow-up Study (HPFS) found several inverse associations; however, many of the SNPs in this study were in high linkage disequilibrium with one another [10] . The Cleveland Clinic study, which focused on more advanced prostate cancer, showed one significant inverse association (rs5030728) and one significant positive association (rs10759932) [8] . None of the above associations were replicated across the three studies. Lindstrom et al [11] , published a pooled analysis from 3 case-control studies, including CaPS, HPFS, as well as the Prostate Lung Colon and Ovarian Cancer Screening Trial (PLCO). This pooled analysis did not yield any significant findings for total prostate cancer and the 58 genotyped and imputed SNPs [11] . Only CaPS has considered prostate cancer specific mortality as an endpoint and did not find any significant associations with TLR4 variation [12] . Given the diversity of findings and the heterogeneity of prostate cancer outcomes, the objectives of this study were to extend this work and examine whether genetic polymorphisms in and around the TLR4 gene are associated with 1) prostate cancer risk, including analyses stratified by stage and grade, using a nested case-control study design or 2) prostate cancer mortality using a case-only survival analysis design.
Materials and methods

Study design and population
Cases and controls for this study are nested in the Physicians' Health Study (PHS) blood cohort. The design and data collection methods of the PHS has been published in detail [13] . Briefly, the PHS originated as a randomized, double-blind, placebo-controlled trial for investigating aspirin and beta-carotene in the prevention of cardiovascular disease and cancer. After the PHS trial ended, participants continued to be followed as an observational cohort. At baseline, 22,071 healthy US male physicians aged 40 to 84 free of diagnosed cardiovascular disease and cancer were randomized, and blood samples were obtained from 14,916 (68%) of the participants. All participants are followed with annual questionnaires to collect data on medical history and other health and lifestyle behaviors. An additional postcard is sent out every 6 months to update information on health endpoints, including prostate cancer. Self-reported cases of prostate cancer are confirmed through systematic medical record review, and information on PSA at diagnosis, tumor stage, and Gleason score is abstracted. We followed men with prostate cancer using questionnaires to collect specific information on the clinical course of disease, treatments, and development of metastases. We validated self-reported metastases in a subsample of physicians with medical records as the standard and observed 100% specificity and 92% sensitivity. Mortality follow-up for cause-specific deaths was obtained through death certificates and next of kin and all prostate cancer specific deaths were further confirmed by medical record review. Follow-up rates are high for both cancer incidence (96%) and mortality (99%).
For this nested case-control study, confirmed incident cases of prostate cancer diagnosed from 1982 to 2004 were identified from men in the blood sub-cohort. Risk set sampling was used to match cases of incident prostate cancer with controls on baseline age (± 1 year if aged ≤ 55 years and ± 5 years if aged > 55 years) and smoking status (current, former, or never smoker). Advanced stage/lethal prostate cancer was defined as those having a tumor stage at diagnosis of T3/T4, M1/N1(T1-T4) or progression to bony metastases/prostate cancer specific death in follow-up through March 2009. High Gleason-grade prostate cancer were those with Gleason grade of 7 (4+3) or greater. For the case-only study, follow-up for progression began at the time of prostate cancer diagnosis and continued through March 2009. Men were followed until they developed the main endpoint of lethal prostate cancer (metastases to bone or death from prostate cancer), or were censored either at the end of follow up (March 2009) or if they died from causes other than prostate cancer. To reduce the potential for population stratification we restricted the study population to Caucasians, who make up 94% of the PHS population.
Genotype assessment
Using the HapMap database, 10 linkage disequilibrium tag-SNPs were selected to capture variation with R 2 >0.8 within the TLR4 gene and 5kb up and downstream (See Figure 1 for the linkage disequilibrium (LD) plot). SNP selection was restricted to those with a minor allele frequency (MAF) of ≥ 5% in the International HapMap Phase II CEU (Utah residents of Northern and Western European Ancestry) samples (Version 2, release 21). We imputed 9 additional SNPs using the observed genotypes, the HapMap Phase II CEU data and the MACH imputation program (http://www.sph.umich.edu/csg/abecasis/MACH/). The imputation included one SNP not directly tagged (rs10759930), a nonsynonymous SNP that had been genotyped in all prior studies (rs4986790), and an additional 7 SNPs that were significant (p<0.05) in at least one published study. All imputed SNPs had an R 2 quality score of >0.8. Table I shows that with the exception of rs11536891, which was not in HapMap Phase II, we were able to capture all SNPs that were shown to have a significant association with prostate cancer in previous studies using the 19 genotyped or imputed SNPs.
All blood samples were labeled with an ID number only and matched case-control pairs were handled identically and assayed in the same batch in a blinded fashion. DNA was extracted from whole blood and genotyping was performed with Sequenom iPLEX matrixassisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry technology at the Harvard Medical School-Partners Healthcare Center for Genetics and Genomics. All SNPs had >95% genotype completion rates and there was 100% concordance for the blinded quality control samples.
Data analysis
Hardy-Weinberg equilibrium tests for each of the SNPs were performed among controls using the Pearson's goodness-of-fit test using a cutoff of p<0.01. Because we did not have an a priori hypothesis regarding the model of inheritance, when the frequency of rare homozygotes was ≥ 5%, we present the results for both the co-dominant and additive genotype models. When the frequency of rare homozygotes was <5%, we present results for only the additive model. Imputation yielded a continuous variable of 0-2 minor alleles for each imputed SNP. Thus, for imputed SNPs, an allele dosage model was used to take into account the uncertainty in the imputation process.
The association between each TLR4 SNP and the incidence of prostate cancer was assessed using unconditional logistic regression models, adjusted for matching factors. Analyses restricted to advanced stage/lethal cases or high-grade cases used all controls. For the survival analysis among the cases, we used Cox-proportional hazards models adjusting for age at diagnosis to estimate the hazard ratios of each SNP for progression to bony metastases or prostate cancer specific death in the case only analysis. All reported p-values are 2-sided and not adjusted for multiple testing. However, given that there are 10 tag SNPs and 9 additional imputed SNPs, we also considered a correction for multiple testing using the method proposed by Gao et al (2008) [14] which takes into account the LD within the set of SNPs being tested to calculate the effective number of independent tests. Analyses were conducted with SAS v9.1 statistical software (SAS Institute, Cary, NC).
Results
Selected characteristics of the study participants are presented in table II. The case-control analysis included 1286 prostate cancer cases and 1267 controls; there were 248 advanced stage/lethal cases and 306 high Gleason grade cases. An additional 45 men who were originally controls subsequently developed prostate cancer and were also included in the case only survival analysis. During a median of 10.6 years of follow-up, 183 men died of prostate cancer or developed metastases to bone and 326 died from other causes.
All SNPs were in Hardy-Weinberg equilibrium (p>0.01). Tables III and IV present the results for the 10 tag SNPs; the 9 imputed SNPs are shown in Supplementary Tables I and  II . We did not observe any significant associations between the TLR4 SNPs and total prostate cancer risk, including SNPs for which an association was reported in other published studies (rs11536889, rs6478317, rs10116253, rs1927914, rs1927911, rs2149356, rs7873784, rs1153689). We also did not observe any significant associations between the TLR4 SNPs and advanced stage/lethal (Table III) or high Gleason grade cancers (data not shown). The associations did not differ by age at diagnosis (age<65 vs. age ≥ 65) (data not shown). The case-only survival analysis (Table IV) also did not yield any significant associations between the TLR4 SNPs and the rate of progression to lethal prostate cancer. Adjusting for clinical characteristics (e.g. stage, Gleason score, and PSA at diagnosis) did not change the interpretation of the results.
Discussion
Previous studies evaluating TLR4 variation and prostate cancer risk found significant but inconsistent findings that were not replicated (Table I) . Additionally, of the 10 significant SNPs found in the HPFS study, several were in strong LD with one another (9 of the SNPs were captured by just 3 SNPs in our study). In this study, by using a linkage disequilibrium tagging approach along with imputation we were able to capture the common genetic variation in TLR4 and 5kb up and downstream, including the majority of SNPs analyzed in previous studies. We did not replicate any previous findings and found no new significant associations between the TLR4 SNPs assessed and prostate cancer incidence, including for advanced stage, lethal, or high Gleason grade cases. Unlike the CaPS and HPFS studies, we did not find any associations among prostate cancer cases diagnosed among younger men aged <65 years. The inconsistencies of the prior studies and the null findings of the current study likely represent false positive findings in the earlier studies. A recent meta-analysis combining data from the HPFS, CaPS study and PLCO studies also reported a lack of association between genetic variation in TLR4 and prostate cancer incidence [11] . There may be other explanations for the lack of replication, including differences in study population characteristics such as the case mix (e.g. the proportion of clinically significant cancers) or exposure to different environmental factors (e.g. infections) that could modify the relationship between various SNPs and prostate cancer outcomes. Both the HPFS study and our study were limited to Caucasian male health professionals from the United States and were made up mostly of lower grade, localized stage cases, while the CaPS study contained more advanced stage cancers overall. In our study we were able to distinguish high grade and/or advanced stage and lethal incident cancers which represent endpoints that may be more relevant in the era of PSA screening. However, we found a similar lack of association between genetic variation in TLR4 and these more advanced or aggressive incident prostate cancers. Likewise, our results for prostate cancer survival also did not show any significant associations and are consistent with the null results found in the CaPS study.
Strengths of our study include its high follow-up rates, and the careful assessment of prostate cancer clinical characteristics through chart and pathology report review. This study is one of the largest and most comprehensive nested case-control studies on genetic variation of TLR4 and, importantly, had a substantial number of high-grade and advanced stage/lethal cancers, and was able to assess the relationship of TLR4 and prostate cancer survival. However, despite the relatively large sample size, our study is still underpowered to detect smaller magnitude associations of SNPs, especially with lethal prostate cancer. For example, we had 80% power to detect an OR=1.45 for lethal prostate cancer and SNPs with a MAF=0.2 at an alpha=0.05; for SNPs with a MAF=0.05 and lethal prostate cancer, we had 80% power to detect an OR=1.85. Previous studies observed ORs in the range of 1.4 to 4.6 for total prostate cancer, which our study was powered to detect. Finally, our study did not assess rare variants (MAF<0.05) in TLR4 and the results may not be generalizable to non-Caucasian populations who may have different genetic variation across TLR4.
Conclusions
In summary, this study suggests that TLR4 genetic variation alone does not contribute strongly to the risk of prostate cancer incidence or mortality.
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